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Antisense oligonucleotide (AON)-induced exon skipping is one of the most promising strategies for treating
Duchenne muscular dystrophy (DMD) and other rare monogenic conditions. Phosphorodiamidate morpholino
oligonucleotides (PMOs) and 2¢-O-methyl phosphorothioate (2¢OMe) are two of the most advanced AONs in
development. The next generation of peptide-conjugated PMO (P-PMO) is also showing great promise, but to
advance these therapies it is essential to determine the pharmacokinetic and biodistribution (PK/BD) profile
using a suitable method to detect AON levels in blood and tissue samples. An enzyme-linked immunosorbent
assay (ELISA)-based method, which shows greater sensitivity than the liquid chromatography–mass spectrometry
method, is the method of choice for 2¢OMe detection in preclinical and clinical studies. However, no such assay
has been developed for PMO/P-PMO detection, and we have, therefore, developed an ultrasensitive hybridization-
based ELISA for this purpose. The assay has a linear detection range of 5–250 pM (R2 > 0.99) in mouse serum and
tissue lysates. The sensitivity was sufficient for determining the 24-h PK/BD profile of PMO and P-PMO injected
at standard doses (12.5 mg/kg) in mdx mice, the dystrophin-deficient mouse model for DMD. The assay dem-
onstrated an accuracy approaching 100% with precision values under 12%. This provides a powerful cost-
effective assay for the purpose of accelerating the development of these emerging therapeutic agents.

Introduction

Antisense oligonucleotide (AON)-induced exon
skipping is one of the most promising strategies for

treating Duchenne muscular dystrophy (DMD) and other rare
genetic diseases [1,2]. The first generation of AONs has now
been tested in clinical trials for a number of genetic neuro-
muscular diseases and more trials are planned [3–6]. Several
different chemistries of AONs are available [7] with 2¢-O-
methyl phosphorothioate (2¢OMe) and phosphorodiamidate
morpholino oligonucleotides (PMOs) being the AONs in the
most advanced stages of development. Furthermore, the next
generation of peptide-conjugated PMOs (P-PMOs) is also
showing great promise in preclinical studies [8–11]. In ad-
dition to determining the efficacy, detection of the levels of
AONs in biological samples such as blood and tissues is
essential for determining the pharmacokinetic/pharmacody-
namic (PK/PD) relationship. This, in turn, enables optimi-

zation of efficacy, while minimizing toxicity of the drug, thus
significantly increasing the chances of successful develop-
ment to a therapeutic drug.

Several detection methods have been developed over the
years for quantifying AONs, such as high-performance liquid
chromatography (HPLC) and, more recently, liquid chro-
matography–mass spectrometry (LC/MS) [12–17]. These
methods have also been used for quantifying PMO in pre-
clinical studies using HPLC [8] and clinical studies using LC/
MS [5], with detection limits reported at 75 and 1 nM, re-
spectively. In comparison, an enzyme-linked immunosorbent
assay (ELISA)-based approach for detecting phosphor-
othioate (PTO) AONs has demonstrated far greater sensi-
tivity with detection levels in the picomolar range [18,19].
The PTO ELISA was successfully adapted for detection of
2¢OMe AONs, and as a result, this ELISA is currently the
method of choice for 2¢OMe detection in preclinical and
clinical studies [6,20–22]. The 2¢OMe ELISA is based on a
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hybridization principle first described by Yu et al., where a
complementary capture probe binds to the 2¢OMe AON and
then a detection probe is ligated to the AON [19]. In contrast,
PMOs lack the OH-group at the terminal end, which is re-
quired for ligating the detection probe, and therefore, this
approach cannot be used for PMOs. This may explain why a
similar ELISA method has not been developed for PMO
detection, and thus, LC/MS is currently the method of choice.

In this article, we report the first ELISA method for de-
tecting PMO and P-PMOs in biological samples. The method
has been adapted from a nuclease protection design first re-
ported by Wei et al. in 2006 [18]. Briefly, the principle of the
ELISA (shown in Fig. 1) is based on hybridization of PMO
with a complementary DNA/PTO probe. The probe is dual
labeled with a biotin and a digoxigenin at each end, where
biotin is used to anchor the probe to NeutrAvidin-coated 96-
well plates and digoxigenin is used for subsequent detection.
The PMO/probe hybrids are differentiated from the single
probe using micrococcal nuclease (MNase), which preferen-
tially cleaves single-stranded DNA. The remaining hybrids are
detected using the anti-digoxigenin antibody conjugated with
an alkaline phosphatase enzyme, which converts a clear sub-
strate into a fluorescent solution. The intensity of the fluores-
cence is determined using a fluorescence microplate reader,
and a standard curve of PMO/P-PMO in the serum or tissue
lysate is used to determine levels of each AON present in
samples. The method presented here has been significantly
modified from the original design, and as a result, the assay has
a detection limit of 5 pM, which is 10-fold more sensitive than
the original. The assay has been successfully validated in the
mouse serum and tissue lysate and subsequently tested on
in vivo samples to determine the pharmacokinetic and bio-
distribution (PK/BD) profile of both PMO and P-PMO in mice.

Materials and Methods

Animals

Mdx mice (C57BL/10-Dmdmdx) were obtained from our
own breeding facility and housed under controlled tempera-
ture (17�C–28�C) and light conditions (12-h light:12-h dark

cycle). Animals had free access to food and water at all times.
The investigations conformed with the Guide for the Care
and Use of Laboratory Animals published by the US National
Institutes of Health (NIH Publication No. 85–23, revised in
1985) and were performed under the terms of the Animals
(Scientific Procedures) Act 1986, authorized by the Home
Secretary, Home Office, UK. All experiments were per-
formed at the Animal Care Facility of Newcastle University,
and the work was approved by the Animal Welfare and Ethics
Review Board of Newcastle University.

Materials and reagents

A 25-mer PMO antisense sequence for mouse dystrophin
exon-23 (M23D) with sequence (5¢GGCCAAACCTCGGC
TTACCTGAAAT3¢) and standard control PMO (5¢CCTC
TTACCTCAGTTACAATTTATA3¢) was purchased from
Gene Tools, Inc. (Philomath, OR). From here on the standard
control PMO from Gene Tools will be referred to as the control
PMO, and the M23D PMO will be used in all experiments
where PMO was mentioned, unless otherwise stated. P-PMO
was synthesized by conjugation of the M23D PMO with a
cell-penetrating peptide Pip6a with the sequence RXRRB
RRXRYQFLIRXRBRXRB (R, arginine; B, b-alanine; X,
aminohexanoic acid), as previously described [23]. Pip6a-
PMO was used in all P-PMO experiments. Complementary
probes for both PMOs were sourced from Eurofins MWG
Operon (Ebersberg, Germany). The probes for M23D PMO
include a full-length DNA probe (3¢CCGGTTTGGAGCC
GAATGGACTTTA5¢), a truncated DNA probe (3¢CCGGTTT
GGAGCCGAATGGAC5¢), and a full-length PTO/DNA
probe (3¢CCGGTTTGGAGCCGAATGGACTTTA5¢), with
phosphorothioate ends highlighted in bold. A complementary
PTO/DNA probe was also designed for standard Gene Tools
control PMO to be used in robustness and specificity studies
(3¢GGAGAATGGAGTCAATGTTAAATAT5¢). This will
be referred to as the control probe. All probes were dual la-
beled with biotin at the 3¢-end and digoxigenin at the 5¢-end.
The lyophilized probes were suspended in the Tris-EDTA
(TE) buffer at 0.1 mM to prepare a stock solution, whereas
PMO and P-PMO were suspended in distilled water at 1 and
0.1 mM stock, respectively. All probes and PMOs were kept at
4�C, whereas P-PMO was aliquoted and stored at -20�C. All
probes, PMOs, and P-PMOs were heated at 65�C for 15 min
and briefly vortexed before commencing the ELISA. Trypsin
(Type II-s) was purchased from Sigma-Aldrich, Dorset (Uni-
ted Kingdom), as a lyophilized powder, resuspended in dis-
tilled water at 25 mg/mL, and supplemented with 100 mM
CaCl to prevent autolysis. This generated a 10 · stock that was
stored at 20�C.

ELISA assay procedures

One hundred microliters of NeutrAvidin protein (Thermo
Fisher, Leicestershire, United Kingdom) diluted in the car-
bonate–bicarbonate buffer (Sigma-Aldrich) at 1mg/mL was
used to coat 96-well black FLUOTRAC� 600 plates (Grei-
ner Bio-One, Gloucestershire, United Kingdom) at 100 ng/
well. The plates were then sealed with polymerase chain
reaction film and incubated at 37�C for 2 h, after which the
plates were washed using a wash buffer (50 mM Tris-HCl,
150 mM sodium chloride, pH 7.6, 0.1% v/v Tween-20) and
dried on absorbent paper. The same wash buffer is used for all

FIG. 1. Overview of the enzyme-linked immunosorbent
assay (ELISA) principle based on hybridization of phos-
phorodiamidate morpholino oligonucleotides (PMO) with a
dual-labeled DNA/phosphorothioate (PTO) probe.
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subsequent washing steps. PMO or P-PMO serial dilutions
for a standard curve were made using the 1 · TE buffer
supplemented with 0.1% v/v Triton X-100 with a starting
concentration of 2 nM PMO/P-PMO. A deep 0.8-mL 96-well
plate was used for hybridizing PMO/P-PMO with a probe,
where 100mL of each dilution was added in duplicate wells
followed by 100mL of probe at 0.5 nM concentration in a
hybridization buffer [1 · TE buffer (Sigma-Aldrich) supple-
mented to 1 M final NaCl solution and 0.1% v/v Triton X-
100]. The plate was then sealed and incubated at 37�C for
30 min to allow the probe to hybridize with the PMO/P-PMO.
One hundred microliters of the hybridized solution was then
transferred to the NeutrAvidin-coated plates and incubated at
37�C for 30 min to allow the biotin probe to bind to the
NeutrAvidin-coated plate. The plate was then washed thrice
and 150 mL of micrococcal nuclease [from New England
BioLabs (Herts, United Kingdom) in 50 mM Tris-HCL (pH
8.2), 200 mM NaCl, 5 mM CaCl, and 0.1 mg/mL bovine se-
rum albumin] was added at 30-U/well and incubated at 37�C
for 1 h. This was sufficient to cleave at least 99% of the
single-stranded probe consistently, as shown in Table 1. The
plate was then washed thrice and 150mL of anti-digoxigenin
antibody conjugated with alkaline phosphatase (Roche, West
Sussex, United Kingdom) was added at 1/5,000 dilution in
the SuperBlock (TBS) Blocking Buffer (Thermo Fisher,
Leicester, United Kingdom), together with 0.25% v/v
Tween-20. The antibody was incubated at 37�C for 30 min
followed by washing thrice. Then, the AttoPhos substrate
(Promega, Hampshire, United Kingdom) was added at
150 mL/well, and the plates were sealed in aluminum foil and
incubated at 37�C for 30 min. A Thermo Fluoroskan micro-
plate reader by Thermo Fisher Scientific was used to deter-
mine the intensity of fluorescence at 444 nm excitation and
555 nm emission. Before reading, the plates were gently
shaken in the reader at 2 mm radius/600 rpm for 10 s and the
signal read at 500 ms delay per well.

Control serum and lysate preparation

Blood from 10 untreated mdx mice was extracted through
cardiac bleed and collected in MiniCollect 0.8-mL serum
tubes with a clot activator gel (Greiner Bio-One). This was
allowed to clot for 30 min at 4�C before the samples were
centrifuged at 16.2k rpm for 10 min to separate the serum from
the blood. The serum was extracted, pooled, and aliquoted for
storage at -20�C. For control tissue lysates, tissues were im-
mediately removed and washed in phosphate-buffered saline

before being dried on absorbent paper, weighed, and frozen
whole at -20�C. For lysate preparation, the frozen tissues were
thawed at room temperature, and then, the RIPA buffer
(Thermo Fisher Scientific) supplemented with 2 mg/mL Pro-
teinase-K (Roche) was added to each tissue at 100 mg/mL. The
muscle lysate was made from a pool of various muscle tissues
such as quadriceps (QD), tibialis anterior (TA), gastrocnemius
(GST), and triceps (TCP). The tissues were homogenized using
TissueRuptor� (Qiagen, West Sussex, United Kingdom) for a
few seconds until the tissues were fully homogenized and the
homogenate was then incubated at 55�C overnight. The ho-
mogenate was then centrifuged at 16.2k rpm for 15 min, and the
supernatant was aliquoted and stored at -20�C ready for
analysis.

Determination of linear detection range

All dilutions of PMO/PPMO were performed in six repli-
cate wells to determine the variability of the assay. Initially,
the raw data are plotted with fluorescence intensity (FI) on the
y-axis and PMO/PPMO concentration (pM) on the x-axis.
However, the standard curve is better visualized after log
transformation of the x-axis, which generates a typical sig-
moidal curve. The y-axis is subsequently logged, which
transforms the standard curve into a linear log–log graph and
a power trendline is added. The linear detection range is
determined by two factors, where the linear regression values
must be above R2 > 0.99 and the lower limit of quantitation
(LLOQ) must be at least 2-fold above background control
values. The latter is determined by a mean FI of wells, which
only have probe and no PMO/P-PMO for protection, there-
fore the maximum probe is cleaved by nuclease. A two-tailed
unpaired Student’s t-test was also used to confirm statistical
significance between LLOQ and control wells. This ensures a
high degree of accuracy in determining concentrations of
PMO/PPMO in samples.

Validation in serum and tissue lysate

The accuracy and precision of the assay were determined
in the control serum and muscle lysate from untreated mdx
mice diluted in the TE buffer at 5% concentration. The
serum and muscle lysate was spiked with dilutions of P-
PMO to 5, 10, 100, and 250 pM, which were selected to
cover the entire linear detection range of the assay. The
dilutions were analyzed in six replicates over 3 days for
intraday (n = 6) and interday (n = 18) properties, respec-
tively. The observed P-PMO values were determined from
separate P-PMO calibration curves in both serum and muscle
lysates. The accuracy of the assay was calculated using the
observed values as a percentage of expected P-PMO con-
centration. The precision values (CV%) were determined
using standard deviation within six replicates as a percentage
of mean observed values.

Pharmacokinetic and biodistribution studies

The sensitivity of the assay to detect standard doses of both
PMO and P-PMO was evaluated in vivo to determine the PK/
BD profiles. mdx mice (n = 3) were injected with 12.5 mg/kg
P-PMO or 9.4 mg/kg of equimolar PMO through the subcu-
taneous route at 5 mL/kg volume under anesthesia. PMO and
P-PMO were each mixed with saline immediately before the

Table 1. MNase Efficiency of Cleaving

Single-Stranded Probe (n = 6)

MNase (U/well) PMO mean – SD

120 99.6% – 0.03%
30 99.4% – 0.03%
8 99.1% – 0.08%
2 98.2% – 0.10%
0.5 96.2% – 0.16%
0.12 89.1% – 1.08%
0.03 56.4% – 1.12%
0.01 22.6% – 3.99%

MNase, micrococcal nuclease; PMO, phosphorodiamidate mor-
pholino oligonucleotides; SD, standard deviation.
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injections. Serum sampling for PK analysis was carried out
using heparinized capillary tubes calibrated at 15 mL volume
from BHR Pharmaceuticals (Nuneaton, United Kingdom).
Fifteen microliters of blood samples from the saphenous vein
in the hind limbs of each mouse was collected at 5, 15, 30, 60,
180, and 420 min after injection. The blood was allowed to
clot for 30 min at 4�C before the samples were centrifuged at
16.2k rpm for 10 min to separate the serum from blood. Five
microliters of serum was consistently extracted from each
sample and diluted 1/100 in the TE buffer. In contrast, the 24-
h blood sample was collected through cardiac bleed before
the animal was sacrificed through cervical dislocation, and
the serum was stored undiluted with rest of the serum samples
at -20�C. For PK analysis, a standard curve for each PMO/P-
PMO was prepared using 1% and 10% control serum diluted
in the TE buffer. One percentage of serum was used to dilute

all the serum samples collected at 5, 15, 30, 60, and 180 min
to ensure that the background serum concentration remains
the same. Whereas 10% control serum was used to dilute the
24-h serum sample. To determine the appropriate dilutions
required for each sample, an initial range-finding study was
performed. Based on that information (data not shown), the
following dilutions were selected (Table 2) that would allow
three dilutions at each time point to be detected. The dilutions
stated in Table 2 are final dilutions of serum samples, and
each sample was analyzed in duplicate.

Immediately after sacrificing, the animal tissues were
harvested for BD analysis, including the kidney, liver, heart,
diaphragm, QD, GST, TA, TCP, and brain. Tissues were
subsequently stored and lysed as described earlier for pre-
paring the control lysate. For BD analysis, a standard curve
for each PMO/P-PMO was prepared using control liver,
kidney, heart, brain, and pooled muscle lysates. Tissue lysate
samples from treated mdx mice were diluted 1/20 in 5%
control heart, brain, and pooled muscle lysates. By contrast,
liver lysate samples were diluted at 1/200, and kidney sam-
ples were diluted at 1/5,000 in 1% control lysate. Each
sample was subsequently diluted 2-fold to get three dilutions
of each sample, and each sample was analyzed in duplicate.

Results

Optimization of probe design

Initially, a full-length 25-mer complementary DNA probe
was used to develop the ELISA. However, this resulted in
probe/PMO hybrids, which were not sufficiently resistant to
nuclease digestion, leading to a poor detection range from 16
to 500 pM PMO (Fig. 2E). This was subsequently found to be

Table 2. Dilutions of Serum Samples

Required for PK Analysis

Time
(min)

PMO and P-PMO (final dilutions
in TE buffer)

5 1/1,000 1/4,000 1/16,000
15 1/3,000 1/12,000 1/48,000
30 1/3,000 1/12,000 1/48,000
60 1/3,000 1/12,000 1/48,000
180 1/300 1/1,200 1/4,800
420 1/100
1440 1/10 1/20 1/40

PK, pharmacokinetic; P-PMO, peptide-conjugated PMO; TE,
Tris-EDTA.

FIG. 2. The complementary probe designed to capture and detect PMO was optimized from a full-length 25-mer DNA
probe (A) to a slightly truncated 21-mer probe (B). The ends of the full-length probe were also replaced with nuclease-
resistant PTO terminal ends, highlighted in bold (C). The stability of all three probes is illustrated with a standard curve in
Tris-EDTA (TE) buffer (D) and the linear detection range with regression values (E). The lower limit of quantitation
(LLOQ) for all three probes was more than 2-fold above their respective control values (ie, without PMO), which was
statistically significant (t-test P < 0.001). Each PMO dilution was analyzed in six replicate wells, and horizontal bars
represent standard deviation (SD) error values.
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due to a 4-mer region composed of AT bases located at the 5¢-
end of the probe, which is the preferred cleavage site for most
nuclease enzymes. In addition, the location of this region at
the end of the probe makes it particularly vulnerable to nu-
clease attack, since double-stranded nucleic acid molecules

are generally prone to melting at the ends. Therefore, the four
AT bases were omitted from the second probe design, which
was slightly truncated relative to the original, but produced
considerably more nuclease-resistant hybrids, resulting in a
wider and more sensitive detection range from 4 to 500 pM
PMO (Fig. 2D). This confirmed that the AT region was being
cleaved too readily by the nuclease for the probe/PMO hybrid
to be detected. However, the probe was further improved by
replacing the terminal ends of the full probe with a phos-
phorothioate backbone, which is resistant to nuclease attack.
This resulted in a similar detection range to that of the

FIG. 3. Specificity and robustness of assay in TE buffer.
(A) High degree of specificity is shown when the mouse
dystrophin exon-23 (M23D) probe is hybridized correctly
with its complementary M23D PMO up to 2 nM. In contrast,
mismatched control PMO was not significantly detected
even up to 2,000 nM concentrations. (B, C) Robustness of
the assay is shown as a standard curve of M23D PMO and
control PMO with their respective complementary probes as
a semilog graph (B) and the resulting log–log graph to de-
termine the linear detection range (C). Both PMOs showed a
similar detection range, which was between 4 and 500 pM.
The LLOQ (4 pM) for both PMOs was over 2-fold above
their respective control values (t-test P < 0.001). Each PMO
dilution was analyzed in six replicate wells, and horizontal
bars represent SD error values.

FIG. 4. Optimization of peptide-conjugated PMO (P-
PMO) detection in TE buffer. (A) Trypsinization of conju-
gated peptide restores detection of 250 pM P-PMO in TE
buffer. (B, C) A typical standard curve of P-PMO is shown
as a semilog graph and the resulting log–log graph to de-
termine the linear detection range, which was between 4 and
250 pM. The LLOQ (4 pM) over was 2-fold above the
respective control values (t-test P < 0.001). Each PMO di-
lution was analyzed in six replicate wells, and horizontal
bars represent SD error values.
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truncated probe (Fig. 2E), and therefore, it was selected for
development of the assay throughout the remainder of the
study.

Specificity and robustness of assay

The assay was validated for specificity and robustness
using a control PMO and its complementary control probe.
For the specificity test, a 0.5 nM M23D probe was hybridized
with M23D PMO or control PMO diluted by 2-fold serial
dilutions in the TE buffer starting from 2 or 2,000 nM con-
centrations, respectively. The data show a high degree of
specificity up to 1,000-fold higher concentrations of the
mismatched control PMO (Fig. 3A). Even at the highest
concentration of the control PMO, the FI was still within 2-
fold above background values (ie, without PMO) and,
therefore, not considered significant. The robustness of the
assay was tested using control PMO, and M23D PMO was
hybridized with their correct complementary probes (Fig.
3B). A similar standard curve and detection range (4–500
pM) were observed for both PMOs, suggesting that the assay
is robust.

Optimizing the assay in buffer

To determine the best detection range and sensitivity for
PMO, the ELISA was first optimized in a buffer without
tissue or serum present. For P-PMO detection, an additional
step was required, since the peptide portion of the P-PMO
was found to interfere with the assay. This was easily over-
come using overnight incubation with 2.5 mg/mL trypsin at
37�C before running the ELISA (Fig. 4A). The data show
high sensitivity and a wide detection range of 5–250 pM for
P-PMO detection in the TE buffer (Fig. 4B, C).

Validation in serum and tissue lysate

The assay was validated to determine detection range,
accuracy, and precision in serum and tissue lysates. A similar
detection range as found in the TE buffer was observed for P-
PMO in 5% serum, which shows a typical semilog standard
curve and log–log linear detection range from 4 to 125 pM
(Fig. 5). Both PMO and P-PMO detection ranges were tested
in various control tissue lysates. Tissue lysates were used at a
1/20 dilution of lysate in the TE buffer, giving a final tissue
concentration of 5 mg/mL. However, both kidney and liver
lysates were further diluted to 1/100 (ie, 1 mg/mL), since
higher concentrations were found to interfere with the avidin
coating and, thus, significantly reduce the binding of bioti-
nylated probe (data not shown). The ELISA showed a high
degree of sensitivity and linearity in all tissues tested, with
detection limits as low as 1 pM (Table 3). However, this level
of sensitivity was not always reproducible, and therefore, to
determine the accuracy and precision of the assay, 5 pM was
selected as the LLOQ. There is little variation in detection
ranges of PMO and P-PMOs in various tissues lysates (Table
3). Therefore, accuracy and precision tests carried out using
P-PMO diluted in serum and muscle lysate are expected to be
comparable to PMO/P-PMO diluted in other tissue lysates.
The results show a high degree of accuracy (approaching
100%) and precision (under 12% variability) in the 5–250 pM
detection range for P-PMO in the serum and muscle lysate at
a 1/20 dilution (Table 4).

Pharmacokinetic and biodistribution analysis

Analysis of serum samples from treated mdx mice shows
that the assay is sufficiently sensitive to monitor levels of
both PMO and P-PMO throughout the 24-h period (Fig. 6A).
Even at the lowest levels, both P-PMO (2296.9 – 164.4 pM)
and PMO (143.8 – 7.1 pM) were well above the lower de-
tection limit of 5 pM. This shows that the sensitivity of the
assay is more than adequate for 24-h PK profiling in indi-
vidual mdx mice at standard doses of PMO and P-PMO.
Various PK parameters were calculated from the data and

FIG. 5. Validation of P-PMO detection by ELISA in con-
trol mdx mouse serum. A typical standard curve of P-PMO in
10% mdx mouse serum is shown as a semilog graph (A)
together with the linear detection range in a log–log graph,
with a detection range of 4–250 pM (B). The LLOQ (4 pM)
over was 2-fold above the respective control values (t-test
P < 0.001). Each PMO dilution was analyzed in six replicate
wells and horizontal bars represent SD error values.

Table 3. Summary of Linear Detection Range

in Various Mouse Tissue Lysates Spiked

with PMO and P-PMO

Linear detection range (pM)

Tissue
lysate

PMO
(min–max) R2

P-PMO
(min–max) R2

Kidney 1–125 > 0.9977 2–250 > 0.9985
Liver 1–125 > 0.9986 2–250 > 0.9978
Heart 1–125 > 0.9983 1–250 > 0.9964
Muscle 1–125 > 0.9989 2–250 > 0.9980
Diaphragm 2–125 > 0.9983 2–500 > 0.9970
Brain 1–125 > 0.9981 1–250 > 0.9976
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presented in Table 5. Overall, there were many similarities,
but the major difference was the slower absorbance and
clearance of P-PMO compared to PMO. This resulted in an
*3-fold greater drug exposure of P-PMO than PMO. BD
profile was determined by analyzing PMO and P-PMO levels
in the lysate from a broad spectrum of tissues (Fig. 6B). As
expected, the vast majority of both P-PMO and PMO were
taken up by the kidney and liver, which are consistent with

previous findings [8]. P-PMO levels were generally 3- to 10-
fold higher than PMO in all tissues studied. However, there
was a particularly high uptake in the liver, where P-PMO was
over 130-fold higher than PMO. Surprisingly, in contrast to
PMO, P-PMO was also detected in the brain, although at low
levels.

Discussion

Preclinical and clinical research strategies aiming to de-
velop AON treatments for patients with genetic diseases are
in need of a highly sensitive detection method to determine
PK/BD profiles for PMO and P-PMO. We developed an ul-
trasensitive hybridization-based ELISA assay and applied it
in the mouse model for DMD.

The most challenging aspect during development of this
assay was stabilizing the PMO/probe hybrids in a manner
resistant to nuclease cleavage. This was mainly due to the
conditions required for maintaining stable hybrids, which
affected the activity of the nucleases tested. Nucleic acid
hybrids are most stable in the presence of high salt (>100 mM)
and at neutral pH. The nuclease originally used by Wei et al.
was the S1 nuclease, which is highly sensitive to pH and
significantly loses activity at pH > 4.5 [18]. Therefore, this
was replaced by MNase, which is less sensitive to pH changes
and has a working range of pH 7–10. However, even MNase
is not ideal because it only has a preference for single-
stranded DNA and will cleave double-stranded DNA, espe-
cially at higher concentrations [25,26]. Therefore, it was also
necessary to stabilize the terminal ends of the hybrids, which

Table 4. Accuracy and Precision of P-PMO in Mouse Serum and Muscle Lysate

Serum Muscle

ID
Nominal

conc. (pM)
Observed conc.

(pM) (mean – SD)
Accuracy

(%)
Precision

(CV%)
Observed conc.

(pM) (mean – SD)
Accuracy

(%)
Precision

(CV%)

Intraday (n = 6)
Max QC 250 211.5 – 18.0 84.6 8.5 248.0 – 21.1 99.2 8.5
Mid QC 100 81.2 – 10.6 81.2 13.0 114.2 – 12.8 114.2 11.2
Low QC 10 8.7 – 0.3 87.4 3.5 10.6 – 0.8 105.5 7.7
LLQC 5 5.1 – 0.2 101.1 3.2 4.5 – 0.6 90.7 12.4

Interday (n = 18)
Max QC 250 266.8 – 32.8 106.7. 12.3 216.5 – 24.2 86.6 11.2
Mid QC 100 105.5 – 20.9 105.5 19.8 92.4 – 16.4 92.4 17.8
Low QC 10 11.3 – 0.9 112.8 7.7 10.5 – 1.7 104.8 16.1
LLQC 5 5.5 – 0.7 110.1 12.4 5.3 – 1.1 105.3 21.3

LLOQ, lowest limit of quantification; QC, quality control; CV, coefficient of variation.

FIG. 6. In vivo validation of the assay showing the phar-
macokinetic (A) and biodistribution (B) data in mdx mice
(n = 3) injected with equimolar doses of PMO (9.4 mg/kg)
and P-PMO (12.5 mg/kg). KD, kidney; LV, liver; TCP, tri-
ceps; GST, gastrocnemius; HR, heart; QD, quadriceps; DIA,
diaphragm; TA, tibialis anterior; BRN, brain. Horizontal
bars represent SD values between three means.

Table 5. PK Analysis of PMO and P-PMO
Levels in Serum Following Subcutaneous

Administration in mdx mice

Parameter PMO mean – SD P-PMO mean – SD

Cmax (nM) 379.5 – 55.6 443.0 – 32.3
tmax (min) 30.0 – 10.0 54.0 – 12.0
t1/2 (min) 61.7 – 8.6 74.0 – 9.2
AUC (h · mg/L) 4190.3 – 531.8 12922.5 – 862.7

Cmax, maximum concentration; tmax, time to reach maximum
concentration; t1/2, half-life; AUC, area under curve as calculated
using linear trapezoidal rule.
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generally have a tendency to melt. This was most effectively
achieved by replacing the terminal ends of the DNA probe
with a PTO backbone to make the PMO/probe hybrids re-
sistant to cleavage, except in the central portion. This was
found to be just as effective as the truncated DNA probe, but
offers additional advantages. The phosphorothioate ends
ensure that the nuclease attack is targeted in the center of the
probe, thereby strengthening the terminal ends of the probe/
PMO hybrid. This also enables the full-length probe to be
used rather than a truncated probe, resulting in stronger hy-
brids. Finally, it allows detection of other PMO sequences
that may be developed for other targets, which may have
longer AT regions at terminal ends, without the need for
further truncating the DNA probe. Overall, the modifications
made to the probe and nuclease have helped to develop a
more robust hybrid.

The optimized M23D probe was used to determine the
sequence specificity of the assay using a control PMO with a
40% sequence homology with M23D PMO. Even at con-
centrations 1,000-fold greater than M23D PMO, the non-
specific interference of control PMO was within 2-fold of
background levels and, therefore, not considered significant.
Furthermore, the control PMO was subsequently hybridized
with the correct complementary control probe and this re-
sulted in a similar detection range as observed with M23D
PMO (ie, 4–500 pM). Together, both findings demonstrate
the high specificity and robustness of the assay in detecting
the PMO of interest.

The assay also demonstrated a high degree of sensitivity,
accuracy, and precision with a detection range of 5–250 pM,
which is 10-fold more sensitive compared to similar ELISA
methods [18,19]. To the best of our knowledge, no other
ELISA-based approach has been developed for detection of
PMO, except for a recent flow cytometry-based method.
Schnell et al. published a similar hybridization assay to the
ligation ELISA design, which is detected using flow cytom-
etry [27]. The assay reported a wide detection range of PMO
between 0.4 and 400 nM, which means that the present assay
is still 80-fold more sensitive in comparison.

In comparison to PTO-containing AONs, PMOs are
widely considered to be more resistant to degradation both
in vitro and in vivo [28–30]. Therefore, it was not considered
necessary to test interference from possible metabolic prod-
ucts of PMO. The PMO detected by this assay is expected to
be mostly intact and, thus, in its active form. The assay was
successfully validated in 10% mouse serum and 5 mg/mL
tissue lysate dilution, which showed a similar detection range
as found in the TE buffer. However, due to the high sensi-
tivity of the assay, higher concentrations of serum and tissue
lysate were found to significantly increase the background
and to decrease the sensitivity. Nonetheless, these dilutions
were found to be sufficient for determining PK-BD of PMO
and P-PMO in mdx mice at standard doses. This demonstrates
that serum and tissue lysate tolerance is adequate for most
in vivo applications, where PMO and P-PMO are measured
24 h after last administration.

Analysis of the PK data shows that P-PMO is cleared more
slowly and has a 3-fold greater drug exposure than PMO,
which is consistent with previous comparisons [8]. Overall,
P-PMO has a more favorable PK profile than PMO for op-
timum tissue uptake. Both AONs were easily detected in
various tissue lysates to enable a comprehensive BD profile to

be determined. Consistent with previous findings [8], the data
show that peptide conjugation facilitated the delivery of the
PMO to all tissues, including a marked increase in liver up-
take, where P-PMO was detected 130-fold higher than PMO.
This will no doubt be of great concern with regard to possible
adverse effects of subsequent dosing and drug accumulation
in the liver. This highlights the utility of such an assay where
tissue retention studies can help optimize the dosing regimen
for maximum efficacy and minimal toxicity.

One of the major limitations of PMO and P-PMO is the
poor efficacy generally observed in the heart and diaphragm
compared to muscle tissue [8,10,11,31]. Interestingly, the BD
data presented here show comparable levels of PMO and P-
PMO in these tissues, which seem to suggest that the poor
efficacy may not be due to poor delivery of these AONs to the
heart and diaphragm, but rather tissue-specific factors af-
fecting efficacy, such as cellular and subcellular uptake
[32,33]. The concentration of PMO and P-PMO in subcel-
lular compartments is expected to be much lower than in the
whole tissue lysate and, therefore, would require even greater
sensitivity of detection than needed for the whole tissue ly-
sate. Currently, this ELISA is the most sensitive detection
method available and it can be used with existing subcellular
fractionation methods to determine the subcellular location
of PMO and P-PMO in various tissues. This would help in the
process of optimizing the design of PMO and P-PMO for
enhanced intracellular delivery and efficacy.

Surprisingly, P-PMO, but not PMO, was also detected in
the brain, which was not considered possible due to such
molecules being thought to be unable to cross the blood–
brain barrier (BBB) because of their large size. However,
there is some mixed evidence in the literature that seems to
suggest that P-PMOs may be able to cross the BBB. Studies
utilizing transgenic mice expressing an aberrantly spliced
enhanced green fluorescence protein serving as a reporter for
the presence of a P-PMO designed to correct the splicing
error report similar BD profiles as seen in the present study;
however, they did not detect any P-PMO in the brain [9,34].
By contrast, a more recent study employed fluorescein iso-
thiocyanate (FITC)-labeled P-PMO to determine tissue up-
take in mice that showed P-PMO uptake in the brain [35].
However, this needs to be cautiously interpreted since the
FITC was labeled at the peptide portion of the P-PMO, which
is vulnerable to the metabolism in vivo [8]. Therefore, it is
possible that the peptide was cleaved from the PMO, and
thus, only the FITC-labeled peptide fragment was able to
cross the BBB. By contrast, the present assay is a direct
assessment of P-PMO in the brain and it is unaffected by the
peptide metabolism in vivo. The present findings in the brain
are also interesting since there is ever growing focus on the
role of dystrophin in the brain [36,37], and therefore, it will
be of great therapeutic significance if P-PMOs are able to
cross the BBB. Therefore, to confirm these findings, further
studies are needed where P-PMO is given chronically and
brain uptake is compared in mdx mice. If there is accumu-
lation of P-PMO in the brain, then it would strongly suggest
that P-PMOs are able to penetrate the BBB. Comparison with
wild-type mice will also confirm whether there are differ-
ences in uptake between healthy and dystrophic mice due to a
compromised BBB [38].

During a recent PMO clinical trial in DMD boys, LC/MS
was used to detect PMO in plasma for determining the PK
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profile of various doses [5]. Only the highest 20 mg/kg dose
was detected after 24 h, and lower doses were detected just
over 8–12 h. In comparison, the present assay has a 200-fold
lower threshold for detection and, therefore, should be suf-
ficiently sensitive to detect PMO over 24 h, even at low doses.
Overall, this suggests that the assay will be a radical im-
provement over existing technologies for both preclinical and
clinical applications, which will greatly facilitate the devel-
opment of these AONs.
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